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Production of new surface area by fracturing of rock behind an
explosive initiated high amplitude wave is probably an important
mechanism for energy absorption in the region near an explosion in rock.
This thesis is an investigation of fracturing of rock by high amplitude
pulses aidof the effects of such fracturing on pulse propagation.
Explosive initiated high amplitude pulses in cylinders of three
different rocks and two concretes were studied to determine the pulse
amplitude needed to damage the cylinders. The decrease of maximum axial
stress in pulses with distance traveled along cylinders was calculated
from observations of pulse propagation velocity and particle velocity. This
decrease was used as a measure of pulse attenuation in the media tested.
A non-porous greywacke was not damaged by a compressive pulse with
axial stress 6.7 times static compressive strength of the rock. The porous
media were destroyed by pulses with axial stresses less than twice their
static strengths. High porosity leads to fracture at low dynamic stresses.
Maximum stress levels in pulses in porous media decreased about
twice as rapidly as in non-porous media. Although porosity was not the
only difference between the media with high and low attenuation, it was
probably the controlling difference.
An average high amplitude wave velocity of half the elastic wave
velocity was observed in a porous limestone. Elastic theory is not
expected to apply to a wave fracturing azock.
Rapid decreases in original free surface velocity of the greywacke
rock most thoroughly tested indicate that this rock sustained tensile
stresses about a hundred times greater than its probable tensile strength
for times as long as fifty microseconds.
Thesis Supervisor: T. R. Madden
Title: Assistant Professor of Geophysics
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CHAPTER I
INTRODUCTION
The problems considered inthis thesis are those associated with
the generation of waves in rock by explosions. The interaction of high
amplitude waves with rocks is described and details of experiments done
to determine dynamic response of serveral rocks to short duration stresses
are g iven.
The main object of the present thesis is to experimentally
investigate fracturing of rock caused by short duration loading and to
point out the consequences of such fracturing on the general problem of
high amplitude wave propagation in rock. The consideration of the hydrodynamic
and elastic theories is largely an attempt to define the limits of their
applicability.
Some fairly recent books and review articles give background and
bibliography for general work on stress wave propagation in solids. The
short books by Roilsky (1953), Rinehart and Pearson (1954), and Broberg
(1956) and the review by Davies (1956) provide a background on experimental
techniques and interpretation of some well kmwn effects. The book by
Courant and Friedrichs (1948) gives the mathematics needed in hydrodynamic
theory. The review article by Rice et al (1958) is the latest general
coverage of hydrodynamic theory of waves in solids. Treitel's (1958)
thesis considers attenuation of finite amplitude waves in rock by using the
Birch equation of state. The necessary information on explosives is in the
books by J. Taylor (1952) and by Cook (1958). All of the publications
listed in this paragraph contain extensive bibliographies.
Three regions requiring different treatments are of importance in
explosive generation of waves in rock:
1. The hydrodynamic zone,
2. the transition zone, and
3. the elastic zone.
1.1 The elastic zone
The elastic zone is the most amenable to mathematical treatment.
The behavior of waves in this region is reasonably well known and will not
be considered here in detail. In most papers on stress waves in rock,
the first two zones are dismissed by assuming that all non-linear effects
are confined within some critical radius, Rc, from the shot point. Whatever
boundary conditions seem qualitatively reasonable are qssigned at Rc so that
quantitative calculations may be made for the elastic region. This approach
has been used in investigations of initiation of waves used for seismic
prospecting by Sharpe (1942), Blake (1952), and Selberg (1952) and in rock
blasting research by Obert and Duvall (1950), Pearse (1955), and Hino (1956
a and b). Solutions to the elastic problem were also found by Allen and
Goldsmith (1955).
The work on rock blasting by W. I. Duvall and his associates at the
Bureau of Mines Applied Physics Laboratory gives needed data on shape and
amplitude of explosively induced waves at close range but still within the
elastic region. Experimental techniques and results are given in Obert and
Duvall (1950), Duvall and Atchison (1957), and Fogelson et al (1959). These
papers include studies on quantities such as strain amplitudes and rates of
change and strain energy in waves initiated in various rock types by
various explosives. Measurements are limited to the elastic region by the
strain gage techniques used. Other investigators making similar measure-
ments have done so at large travel distance, using seismic gear covering
only low frequency range, and/or near a free surface. Such measurements
formed the basis of the conclusions by J. Taylor et al (1946) that
velocity of detonation had no observable effect on percentage of explosive
energy entering the elastic region. Dobyns (1947) concluded that noticeably
more seismic energy was observed from high velocity explosive on the same
type of measurements. Fogelson et al (1959) found a correlation of strain
energy input with the characteristic impedance of the explosive by their
much better measurements. The characteristic impedance of an explosive
is its density times its velocity of detonation.
The elastic theory approach to high amplitude waves in rocks can
explain several observed features of fracturing because rocks have low
ratios of tensile strength to compressive strength. A compressive wave,
small in amplitude compared to compressive strength, can reflect as a tensile
wqve larger in amplitude than tensile strength and cause fracturing
parallel to the free surface. This "spalling" or "scabbing" process has
been explained using elastic theory by Rinehart and Pearson (1954), Broberg
(1955, 1956, 1959) and Kolski and Shi (1958). The papers by Duvall and
Atchison (1957) and Hino (1956 a & b) apply spalling theory to rock blasting.
1.2 The hydrodynamic zone
In modern explosives, detonation waves with pressure as high as 300
kilobars exist (1 kb. - 109 dynes/cm.2 - 986.9 atmospheres). When such a
detonation wave interacts with an explosive-solid interface, such as the
sides of a shot hole, a shock wave is transmitted into the solid. Progress
in the understanding of solid behavior under the influence of explosive
induced shocks has been made by using a hydrodynamic theory. Application of
this theory requires that under rapid, high amplitude loading the solid
9material must transform to an essentially fluid state. The stress tensor
is spherical and elastic properties are completely described by a
hydrostatic equation of state. The assumption is not that the material
melts but only that rigidity becomes negligible. A second assumption
basic to the usual hydrodynamic theory is that measured states are states
of thermodynamic equilibrium.
The first assumption is fulfilled if the pressure range considered
is much greater than the dynamic yield strength of the material being
considered. Experiments done with single crystals of zinc by Walsh et al
(1957) and of copper by Eichelberger (1959) show tiat for waves of sufficient
amplitude, these crystals show no detectible shock wave anisotropy.
Zinc has a longitudinal sound wave velocity of about 2.79 km/sec parallel to
its c axis and 4.74 km/sec perpendicular to its c axis. Copper varies
from 4.37 km/sec in the 100 direction to 4.98 km/sec in the 110 direction.
O'Brien and Davis (1959) have shown that crystal allignment of zinc and
aluminum make no difference in the wave amplitude required to initiate a
apall fracture. Wave amplitudes used were near 50 kb.
The second assumption is fulfilled for the usual scale of
experimentation if thermodynamic equilibrium is attained in 10-7 seconds or
less. This requirement implies a shock front thickness of less than
half a millimeter. The assumption is necessary to ensure that measured
and computed quantities behind the shock front can be used to compute
energy loss from the wave and the final state of the solid.
Important support for both assumptions comes from the agreement of
calculations based on hydrodynamic theory with experimental work on
metals. In particular, pressure vs. density curves obtained with shock
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waves, in most cases, connect smoothly with the results from Bridgman's
hydrostatic experimentation at lower pressures. In the exceptions, the
dynamic data usually indicates a larger volumetric compression, which is
just the opposite of the expected effect of material rigidity or deviations
from equilibrium (Rice et al, 1958).
The hydrodynamic theory probably applies to rock in the immediate
vicinity of a conventional or nuclear explosion. In this region, the work
on blasts in air and water may be used directly to compute effects of
charge size, detonation velocity, and charge density on pulse shape and
amplitude for spherical wave geometry.
The general equations governing fluid flow in three dimensional
space cannot be solved at present. In four instances of practical
application the independent variables reduce to two. These cases are non-
steady one dimensional or spherical flow and steady two dimensional or
cylindrical flow. An equation of state relating any two of the quantities
pressure, density, particle velocity, and shock velocity with temperature
or entropy is needed in making calculations even in these four instances.
Details of possible calculations using Rankine-Hugoniot jump conditions
across a shock front and the characteristic form of the flow equations may
be found in Courant and Friedrichs (1947).
Since the jump conditions will be used in this thesis, we list them
here indicating the quantity conserved by each equation. If a shock front
with pressure, density, specific volume, and particle velocity behind it
denoted by P1, gl, VI, and v respectively is moving at velocity, U, into
an undisturbed region with pressure, Po, density e , specific volume, V,, and
zero particle velocity, then the conservation relations across the shock are:
conservation of mass, 0U - Q1 (U - v), (1)
conservation of momentum, P- P - p, Uv, and (2)
conservation of energy, Piv - e0U (jv2) + g0U (El - E0 ). (3)
Eo and El are the specific internal energies ahead of and behind the shock
wave, respectively. Combinations of these conservation relations give
other useful equations.
+r(P Po) (v) (4)
E E 2 =1 P, ePC,) V, - V, 6
The derivation of the conservation relations does not depend on
assumptions on viscosity, heat conduction, or thermal equilibrium within
the shock front. In particular, the relations are independent on the
thickness of the shock front, just so the shock front pressure profile is
independent of time. If the equation of state and the specific heat of
the medium are known, equation 6 yields a relation between pressure and
density, the Hugoniot function. This function is needed for calculations
of attenuation and is useful in reducing the number of flow variables which
need to be measured.
In addition to the use of an equation of state in shock calculations
isothermal pressure-density curves may be calculated from shock measure-
ments as shown by Al'tshuler et al (1958 b) and Rice et al (1958). These
curves go to pressures as high as five megabars, higher than that at the
center of the earth.
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Much experimental work on equation of state of metals has been
published since 1955. Part III of Rice et al (1958) is a review of
experimental approaches to the problem and a summary of the published
experimental data for solids.
The only experimental work on equation of state of rocks published
before July, 1959 is by Hughes and McQueen (1958). The densities of two
gabbros and one dunite were measured at pressures ranging from 150 to
750 kilobars. Both of the gabbros showed evidence of a polymorphic
phase change near 150 kb. Shock induced phase changes have been noted in
phosphorus and carbon by Grover et al (1958), in bismuth by Duff and
Minshall (1957), and in 1020 steel by Bancroft et al (1956). The effect
of such phase changes on shock wave structure is described in detail by
Rice et al (1958), pages 12 to 15. An equation of state for the Oak Spring
tuff which surrounded the various underground nuclear shots has been bund,
see Johnson and Violet (1958), but details have not been published.
1.3 The transition zone
The transition from hydrodynamic to elastic behavior has been
studied very little. The response of aluminum to explosive loading agrees
with hydrodynamic theory down to a pressure of about 40 kb, Katz et al (1959).
Minshall (1955) has observed an elastic wave of 11 kilobars pressure in 1020
steel. These data represent present limits of knowledge on the subject.
In some substances, such as 1020 steel, the combination of hydrodynamic and
elastic theory seems to cover the whole range of wave amplitude. In other
substances, rigidity may become important while non-linear effects, eg.
fracturing, are also important sc that neither hydrodynamic nor elastic
theory applies. Only one paper, Dewey et al (1955), attempts a direct
examination of applicability of hydrodynamic theory. In the amplitude range
there examined, the ratio of shear stress to shear strain was closer to
zero than to the rigidity moduli of the substances investigated. Hydrodynamic
theory was thus a better approximation than elastic theory. Little is
known about the transition region even for metals, which have had by far
the most extensive investigation. Less is known for rocks.
If we wish to pick a point in the outward progress of an attenuating
explosive induced wave in rock beyond which elastic theory may be used, the
point at which fracture ceases is a logical one. If a porous rock is
crushed by a wave, the pore filling medium is much compressed and heated
irreversably. If any rock is fractured, the new surface created absorbs
energy. Fracturing is thus likely to have large non-linear effects on
pulse attenuation and shape. The extent of fracturing depends on rock
strength, ambient pressure, the amount of void space in the rock, and the
geometry, amplitude, and shape of the incident pulse. Few data exist on
the crushing of rock. In most papers on explosive loading of rocks, static
compressive and tensile strengths are used when fracturing near a charge
or at a free surface is considered. Reports of increases in compressive
yield point and tensile strength of metals, plastics, and glass by factors
up to 100 for the short stress durations obtained by wave loading led to
the present thesis investigation.
Experiments on dynamic tensile strength of materials have been
done by reflecting a stress wave of measured shape from a free surface.
The tensile stress required to just fracture the substance is attained by
variation of the weight of explosive used or of the distance from
explosive to free surface. Kolsky and Shi (1958) explosively loaded one
end of cylindrical specimens of glass and two plastics. Dynamic tensile
strength was about double the static strength for all three media.
Rinehart (1951, 1952) used a similar loading on mild steel to get an
increase over static strength by a factor of three. O'Brien and Davis
(1959) have used Rinehart's method on aluminum, copper, and lead and got
increases of tensile strength by factors of 30, 11, and 100 respectively
over static strengths given in the Handbook of Chemistry and Physics.
The figure for lead is regarded as tenative and may be changed by further
experimentation.
Experiments on compressive dynamic yield stress of metals were done
by Whiffin (1948) using a theoretical development by Taylor (1948). An
increase over static yield point by a factor of three was found for mild
steel. No increase was found for nickel-chrome steel. A detailed
theoretical interpretation of these experiments was done by Lee and Tupper
(1954).
Rice et al (1958) on pages 10 and 11 show how a two wave structure
arises from material rigidity. Their conclusion is that an elastic wave
with velocity of an infintesimal longitudinal wave and amplitude equal to
the limit of linerity of the Hugoniot function precedes a sufficiently
weak shock wave in any material having a finite rigidity modulus. By using
the data of Al'tshuler et al (1958 b), we can compute how strong a shock
must be to not be preceded by an elastic wave. Using data for shock
velocity and sound velocity in mild steel gives a pressure of 620 kb for
the shock wave with the same velocity as an elastic longitudinal wave. A
shock of the highest magnitude attainable with direct contact of conventional
explosives (less than 400 kb) is preceded by an elastic wave. On the other
hand, no preceding elastic wave has ever been observed in lead.
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Measurements of the amplitude of forerunning elastic waves
determines, in a sense, a dynamic yield criteria for ductile media.
Minshall (1955) measured an average amplitude in 1020 steel of 11 kb.,
about five times static yield strength. Any attempt to compare a "dynamic"
yield point or strength with a "static" one is approximate in nature
unless the complete stress-time history of each test is specified. In
general, strength or yield point can be regarded as a continuous function
of stress and time derivatives of stress. "Dynamic" usually refers to
properties under loading of 1 to 100 microseconds duration in stress wave
work. "Static" loading may be longer by a factor of 106 to 100.
1.4 Energy absorption by fracturing.
Fracture of a rock by a wave affects the wave amplitude and shape
because creation of new surface area in a solid or liquid absorbs energy.
An investigation of energy absorption by creation of new surface area
requires knowledge of energy per unit surface area plus knowledge of
surface area created by the particular process of interest.
Work input per unit of surface area created has been studied by
several groups; Johnson et al (1949) published the most detail. A study of
the crushing of quartz shoved a variable work in put per unit of new
surface area but an average figure of l05 ergs/cm.2. Figures of this order
were also fund for various rocks by Millman (1940), Morrison and Allen
(1955), and Morrison and Whyburn (1954). Recent work by Zeleny and Piret
(1959) shows that most of this work input is in the form of heat in the
crushed material. Surface energy could not be determined within the
accuracy of their experiments but could be anything less than 5000 ergs/cm 2,
USurface energy as a mode for energy absorption during impart has
been considered by Rinehart (1952), Morrison and whyburn (1954), and Morrison
and Allen (1955). The conclusion reached by these authors is that
pulverization of rock materials can absorb important fractions of impact
energy.
Only one study of particle size of explosively loaded rocks is
known to us. Grimshaw (1958) detonated 1 and 2 gram charges of
explosive in drill holes in enclosed rock so that all fragments could be
collected. A rough calculation of surface energy can be made using
Grimshaw's particle size distribution. The author did so for one experiment
in which 2 grams of commercial explosive were detonated in a dry sandstone.
Roughly 3 x 109 ergs or about four percent of the explosive energy could be
regarded as surface energy if 1000 erg/cm2 were absorbed. Existance of
particles much finer than the two micron size which was the smallest con-
sidered or of extensive cracking in larger particles would probably raise
this percentage considerably.
Quantitative measurements on elastic waves produced by underground
explosion show that these waves contain from 0.1% to 18% of the explosive
energy. Measurements of the Rainier underground nuclear blast showed that
about half of the total energy released remains locally in the form of heat
five months later, see Johnson and Violet (1958). About forty percent of
total energy of, the device was unaccounted for. Two possible mechanisms
are dissociation of pore water and absorption in the form of surface
energy by fractured rock. A calculation assuming 1000 ergs/cm.2 for energy
absorbed per unit of new surface area and an average particle size of one
micron for the sphere of 130 feet radius of fractured rock gave total
energy absorbed of 2.66 x 1019 ergs or 37% of the total energy of the bomb.
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In this calculation, we took surface area of irregular particles as 1.7
times the area of a cube of the same side as recommended by Rinehart (1953).
The calculation is intended only as an indication of average particle
size needed to absorb large amounts of energy.
X-ray examination of a quartz crystal subjected to converging shock
waves at Poulter laboratories showed none of the characteristic diffraction
peaks of powdered quartz. One explanation of this phenomenon is that the
crystal was crushed to an average particle size of 10 - 100 A . If much
rock near an underground nuclear blast were crushed to such a size range,
a postulated average particle size of one micron would certainly be
reasonable. However, Pelsor (1959) reports that examination of a
plagioclase phenocryst taken from outside the fused zone of the Blanca shot
showed no line broadening in x-ray diffraction. The A. E. C. intends to
study size distribution of crushed material in the future. The only
conclusion possible at present is that surface energy could be an important
energy absorbing mechanism for stress waves of sufficient magnitude and
proper geometry to produce fracture.
1.5 Contents of thesis
In Chapter II on "The Experimental Program" we have attempted to
determine what "sufficient magnitude to produce fracture" is for a
stress wave traveling along a circular cylinder. Papers on blasting such
as those of Hino (1956 a & b) postulate a peak pressure for a wave no
longer fracturing a rock, near the static crushing strength of the rock.
The experiments of Chapter II show that the axial stress carried by a
compressive wave in a non-porous cylindrical rock specimen can be an
order of magnitude greater than static strength without producing
macrosopically visible damage.
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Chapter II contains details of experiments in which two different
types of abservation were made on cylinders of three rocks and two
concretes. One set of observations was of displacement vs. time of a
cylinder end under explosive loading, the other type of observation was
of motion of the free cylindrical surface as a wave progresses along it.
Together with conservation equations applied across a wave front, these
observations determine the axial stress in the observed wave.
Chapter III is on "Interpretation" of the observations of Chapter
II. We consider stress distribution associated with waves in cylinders.
The damage done by compressive waves is interpreted in terms of these
stress distributions. The differences expected for spherical waves
are pointed out. The effect of porosity on fracturing is correlated
with the differences in damage on the various media used. We discuss
some of the factors important in attenuation of high amplitude waves in
rock. The effects of fracture on the elastic and hydrodynamic theories
are given with a suggestion on modification of the hydrodynamic theory.
The poor match of experimental and theoretical equations of state of
rock is presented. Spalling theory and the effects of delay in
fracturing are discussed. An explanation of the odd spall pattern of the
recovered specimen is given. Finally, we consider the acceleration of
rock cores noted in some of our experiments.
Chapter IV on "Conclusions, Applications, and Future Work", lists
our most important conclusions on fracturing near an explosive source,
attentuation, applicability of elastic and hydrodynamic theory, and
spalling. We present a brief discussion of applications of our work to
experimental work on waves in solids, mining, seismic prospecting, and
blast shield design. Some interesting unsolved problems are listed on
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applicability of hydrodynamic theory, equation of state of rocks,
effects of porosity and pore fluids on wave propagation, and fracturing
as an attenuation mechanism.
20
CHAPTER II
THE EXPERIMENTAL PROGRAM
There are two objectives of the experimental program described
in this chapter: first, the determination of the changing axial stress
of waves propagating along cylinders of several different rocks; second,
the correlation of the axial stresses of the observed waves with the
properties of the various rocks and with the amount and type of
fracturing of the rock cylinders by the waves. For the second
objective, we need to recover a damaged rock specimen and to know the
rock properties which probably control high amplitude wave
propagation and the resulting fracturing. We shall give a brief
description of the measurement of such rock properties which include
density, porosity, sound speed, and compressive strength.For the first
objective, to compute axial stress, 7-zTz , we need the wave
propagation velocity, U, of the high amplitude wave at the moment for
which we wish to know the stress. We also need the particle velocity, v,
of the wave for the same moment. We can then use the equation for the
conservation of momentum across the wave front,
This equation is modified from equation 2 of the introduction by the
substitution of axial stress for the pressure difference across the
wave front. The principal part of this chapter will be a description
of the experiments done to determine wave propagation velocity and
particle velocity of explosive initiated waves in cylinders of three
different rocks and two concretes.
*~~~~1**
2.1 Determination of sample properties.
The three rocks used were a greywacke, a calcareous shale, and
a porous limestone. The Enders Beach greywacke and the calcareous
shale were both well cemented rocks with very low porosities. The
porous limestone was an originally tight rock which had been
fractured into fragments with an average dimension of perhaps five
millimeters. Imperfect cementation of the fractures with calcite left
about one percent of pore space in the rock.
Density of the samples was obtained by weighing and measuring
a specimen, then dividing weight by volume. Porosity was calculated
for the greywacke and shale by dividing by its volume the difference
in weight between a water saturated specimen and the same specimen
after it had been baked and dessicator cooled. Porosity of the lime-
stone was calculated by dividing the difference in crystal density
of calcite and the density of the rock by the crystal density of
calcite. The porosity of the concretes was estimated by looking at
cross sections.
Sound speed was measured in all samples by Mr. D. Keough
using transducer pulses. The greywacke and shale samples were 100 mm
long, the limestone used was 10 mm long. Use of the short limestone
was made necessary by the attenuation and dispersion of the transducer
pulse in this rock.
Compressive strength for all samples was measured on a standard
testing machine at a loading rate of 2100 pounds per minute. All
samples were cylindrical, the rocks with lengths equal to their
diameters and the concretes with length equal to twice their
diameter. The greywacke and concrete specimens were capped with sulfur
as specified for concrete testing in Troxell and Davis (1956). The
purpose of the caps was to give a uniform axial loading on the ends
of the specimens. Compressive testing of the limestone and shale was
mistakenly done with cardboard covering the ends of the test
specimens. Radial flow of cardboard caused fracture of the samples
parallel to their axes. The values given for their compressive strengths
were probably about half the true values. A test using cardboard on the
greywacke gave a compressive strength ofabout half the value using
sulfur.
The rock properties Important in wave propagation are listed
in Table 1 for the media used. Data regarded as poor are marked
with "?" after the numbers. Not enough tests were made to calculate
true standard deviations for the values of rock properties. In this
table and in Table 2 at the end of this chapter, the + quantities after
measured values represent only the best estimates of an expected or
average error which we could make. They correspond in a rough way to
standard deviations in that an error of three times the + quantity
would be unusual.
Sound Acoustical Static
Density Velocity Impedance Strength Porosity
Medium gm/cc km/sec gm-km/cc-sec kb %
grey- 2.70 3 .01 5.59 ± .03 15.1 4 .1 1.1 1 .2 .15 ± .05
wacke
lime- 2.69 ± .01 6.4 1 .3 17.3 2 .8 0.28 ? .8 ± .2
stone
shale 2.79 1 .01 6.5 2 .1 18.2 ± .3 0.83 ? .0 ?
concrete 2-4 Z.1 4.1 ±.1 9.9 ± .6 0.55 ± .1 3 ?
7
concrete 2.4 ±.1 4.1 ±.1 9.9 .6 0.50 1.1 3 ?
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Summary of Physical Properties of Media
Table 1
2.2 H amplitude wave experiments
We now proceed to the experiments on high amplitude waves. The
first decision to be made in this work is between the use of impact
and explosives in initiation of the waves. Impact has two important
advantages. The method can be used in an ordinary laboratory with
less danger or annoyance to neighbors. The exact form of the stress
pulse is easier to control than in explosive loading. With explosive
loading, on the other hand, magnitude ,and duration of the stress pulse
are easier to vary through wide limits and the careful geometrical
allignment essential in impact methods is not needed. We decided to
use explosive loading because large amplitude waves could be generated
with comparatively simple experimental arrangements.
In all shots except number 4379, the amount of C-3 explosive
per unit area of cross section of rock was kept constant. In 4379, the
amount was tripled but the effects of doing so were inconclusive
because of uncertainty of the camera framing rate on that shot. The
diameter of samples and amount of explosive used are: greywacke, 30 mm
and 50 gm; limestone, 42 mm and 98 gm; shale, 36 mm and 72 gi; and
concrete, 2 inches and 144 gm. The plastic explosive in each shot was
formed into a cylinder with diameter equal to that of the sample and
a height of 45 mm. The loading density was 1.55 gm/cc.
Results of the experiments with explosives are most nearly
complete on the greywacke rock. We shall use this rock as an example
while presenting the experimental program and cover the results obtained
in similar, but incomplete, experiments on two other rocks and two con-
cretes at the end of each section.
2.3 Particle velocity experiments
One set of explosives experiments was done primarily to
determine particle velocities. As illustrated in Figure 1, cylinders
of rock of various lengths were buried vertically in sand with only
the top centimeter or two protruding into the view of a camera. Each
rock was explosively loaded at its buried end with fifty grams of C 3
plastic explosive. The greywacke rock used was in the form of diamond
drill cone thirty millimeters in diameter. The principal reason for
its use was that enough reasonably homogeneous core was available for
a series of experiments on a low porosity rock. The main purpose of
the sand was to hold back detonation products to g ive a clear camera
view of the end of the rock. In addition, the sand gave a slower decay
of pressure in the detonation gases than an unconfined shot and also
confined the sides of the cylinders to some extent. Both features
made the experiments somewhat similar to blasting in a borehole. The
motion of each rock was photographed with a Beckman and Whitely
framing camera. This camera forms each frame by sweeping an image across
a separate set of lenses. Twenty five frames are taken. Most of our
pictures such as the frames in Figures 3 and h were taken at one of the
slowest rates of which the camera is capable, 8.h microseconds per
frame. Exposure time at this rate is slightly less than three micro-
seconds. This framing rate was used so that the rocks could move
far enough during the 25 frame sequences for the motion to be easily
measured. The displacement of the top of a 100 mm long core is
plotted as a function of time in Figure 2 as an example of the results.
The initial slope of the displacement curve is 99 m/sec. Particle
velocity behind the incident wave equals very nearly half this free
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surface velocity or 49.5 m/sec in this instance. The approximation
that free surface velocity equals twice particle velocity was
considered theoretically by Walsh and Christian (1955) who concluded
that errors were within a few percentjbr metals at shock pressures up
to 300 kb. The highest axial stress calculated from these experiments
is 30 kb (30 x 109 dynes/cm2). The approximation is good at this
level even for rocks.
One shot of each rock was observed with a Beckman and Whitely
Dynafax camera at forty microseconds per frame for 200 frames. The
exposure time was about the same as that of the framing camera. The
intent was to get a longer look at the rock motion. During the 800
microseconds duration covered by the Dynafax (Figure 5) before flying
sand blotted out the rock, we saw that the rock motion was accelerated.
A similar phenomenon has been observed in quarry blasting by
W. I. Duvall (personal communication). All of the apparently constant
velocity motion observed in framing camera pictures between 60 and 200
microseconds after first motion (see Figure 2) very likely was
similarly accelerated after the framing camera was no longer covering
it. We defer an explanation to the next chapter.
The experimental arrangement of Figure 1 was used in obtaining
particle velocities in six shots of greywacke, two shots on limestone,
and one shot on shale with the framing camera. It was used for one
shot of each rock with the Dynafax.
A different arrangement was used for the only shots done with
concrete in an attempt to get both particle velocity and the manner
of breakup. The two concretes were shot in air with the framing
camera viewing the whole length of a striped sample except for a few
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centimeters at the loaded end which were covered by a shield to retard
detonation products from interfering with the picture. Reflected
light was used to get a better picture of the manner of fracture of
the cylinders. Concrete number 7 moved too little for satisfactory
measurement during the framing sequence. Concrete number 10 had a
particle velocity barely measurable during the framing sequence. Both
samples remained undamaged near the free end during the camera
coverage. No spalling was observed.
The main source of error in framing the Dynafax data of these
experiments is fuzziness of the image being measured from film. This
fuzziness is the result of long exposure time and of the breaking up of
the rock into small fragments. A good example of such fuzziness may be
seen in Figures 3b and 4b. In the "b" frames of these figures, the
rocks move 0.16 mm and 0.9 mm respectively during exposure. Together
with the rock breakup apparent, this motion gives a grey zone instead
of the sharp black to white transition seen in Figures 3a and ha when
the rocks are not moving. A check was made on the effect of such
fuzziness by having two observers independently read the data from
several films including that of Shot 4435 from which Figures 2 and 3
were taken. One observer read consistently about .09 mm higher than
the other, this constant error in displacement did not affect the
velocities. After removing this mean difference, the average
residual difference between the two readings was .05 mm. Average
difference in any velocity based on two points (such as "initial top
velocity" of Figure 2) should be six meters per second. The "final top
velocity" in the same figure is based on thirteen points and the two
observers should have an average disagreement of only .05 m/sec.
Nylon pellets were used on cores longer than 100 mm to give a better
measure of initial velocity. The pellets were thrown off at a
constant velocity equal to the maximum rock velocity. They could not
be used on short cores because they break up and velocity could not
be easily measured from the pieces. Nevertheless, initial velocity
is used in computations of axial stress for reasons given in the next
paragraph.
One feature of the experimental method was the necessary use
of a different sample of rock in each shot. All samples of a given
rock had to be assumed to have the same properties. In the fairly
limited program of experiments, only one check was made on possible
error of this assumption. On shot 4369, a 300 mm length of greywacke
with the largest apparent inhomogeneity of any sample (a quartz vein
which can be seen in the damaged speciman of Figure 6) was shot using
the experimental arrangement of Figure 1. Shot 4370 was a duplicate
of 4369 except that the core used had no large inhomogeneity. Initial
velocities of the free ends of the two cores were equal within
experimental error but the later constant velocities of the rocks
differed. The equal initial velocities indicate that rock properties
governing propagation of high amplitude compressive waves do seem to
be constant from one sample of the greywacke to another. The later
constant velocities are those of the spalled rock ends. Both the
comparison between shots 1369 and 4370 and the more extensive data of
Hino (1956 b) show that spalling by a tensile wave depends strongly on
minor differences in rock samples. Hino gets variation of spall
thickness by a factor of two under identical explosive loading of
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various samples of a rock. We shall show later how variation in spall
thickness produces variation in the velocity with which the spall
moves. This variation of velocity is noted in our one comparison.
Observational errors made only small differences in the
determination of the magnification factor between object and image.
This determination is done by measuring a scale inserted in the
pictured event. The scale is neither moving nor breaking up.
The average framing rate of the camera is measured very
accurately by reading a signal from the rapidly rotating parts. The
framing camera does have one more source of error. It forms each
image with a separate set of lenses. The framing rate is only as
accurate as the placement of the sets of lenses. No tendency for any
particular frame to give a datum point consistantly out of line was
noticed in these experiments. The worst error in recording data and
reading the records seems to be the error of observation caused by
difficulty of measurement of blurred lines.
2.4 Fracturing features
The most complete damaged specimen of greywacke was
recovered from the particle velocity experiments. It is pictured in
Figure 6. "The original appearance was similar to the undamaged core
shown above it. Forty-five millimeters of the loaded end is missing
and another forty-five millimeters left as a conical shape. Neglecting
the failure along a quartz vein, the rock was apparently undamaged by
the compressive wave beyond 100 mm from the charge. A microscopic
examination to be done may show microcracks. The center part of the
conical portion is sound and undamaged at a point 'which was 55 mm from
the charge. We shall see that the axial stress here was over 30 kb.
All of the small fractures on the conical surface are approximately
parallel to the axis of the core.
Figure 6 shows, in addition to the damage at the loaded end,
that the core was divided into at least ten spalled fragments.
Fractures producing the fragments are perpendicular to the core axis
and are produced by a reflected tension wave from the free end. One
interesting feature of these spalls is that the first spall at the
free end is an average of one centimeter thick. It is followed by
at least five spalls within the next centimeter, after which spall
thickness increases. The theory of multiple spalls produced by
conventional shock waves, as developed by Rinehart and Pearson (1954),
would require a very odd wave shape to produce such a patterr. An
explanation will be given in the next chapter.
No spall fragments were found for any samples except the
greywacke. In many shots, including the longest samples of limestone
and shale, the fracturing of the rock by the compressive wave seemed
conplete. This feature limited spalling studies and exact measurement
of non-damaging wave amplitudes to the greywacke.
2.5 Wave velocity experiments.
The experiments to determine particle velocity also give a
measure of average wave propagation velocity. The zero of plotted
time in all displacement vs. time figures is the time at which the
high amplitude wave started up the cylinder of rock. The time of first
motion of the free end gives total time for the wave to traverse the
cylinder and thus gives an indication of average wave velocity.
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Uncertainty of zero time is caused by variable delays in cap, booster,
and explosive. The slow framing rate makes the time of first motion
also uncertain. The errors in the deduced average velocities could
be as high as 20 %, so separate series of experiments were done to
measure wave velocities.
In general, wave velocities should depend on wave amplitude.
As shown in the introduction, Equation h, wave velocity can be
expressed as a function of the differences in pressure and specific
volume across a wave front. The difference in pressure in Equation 2
can be replaced by axial stress -in our experiments giving
Velocity of high amplitude waves was observed in a core shot
under water. The lateral motion of the core's cylindrical surface, as
the wave progressed, induced shock waves in the water. Two consecutive
frames of these shock waves taken 2.1 microseconds apart are shown in
Figure 7. A constant propagation velocity of 5.23 km/sec was
observed for the wave in the greywacke of this shot from the first
point visible (about 40 mm from the explosive) to the last point at
which the shock wave could be photographed (120 mm from the explosive).
During the exposure time of 0.7 microseconds, the wave moved nearly 3.7 mm.
#e can see in Figure 7 that the shock wave in water is quite blurred.
Error in reading its position is probably high. The same type of
shot was done on the porous limestone. The wave velocity over the
whole observed length averaged 3.24 km/sec. This average is accurate
since a sharp wave was observed emerging from the free end of the rock.
The transducer measured value of sourd velocity was 6.42 km/sec for the
one centimeter thick disc which was the longest usable for this rock.
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Transducer measurements on 100 mm long samples and high explosive
tests gave sound velocities and high amplitude wave velocities equal
within experimental error on the other two rocks. The 3.2h km/sec
value was used in computing stresses for the limestone. The large
difference in velocities for the limestone could have been the result
of a measurement of bulk velocity with transducers and bar velocity
with explosives. Measurements of sound velocity on a short specimen
of greywacke did not give a very different value of sound velocity
for that rock. The porosity of the limestone is a more likely cause
of the variation in velocities. Reasons will be given in the next
chapter.
In an attempt to improve the value of wave velocity, the
motion of a striped greywacke core in air was observed with a
rotating mirror smear camera. A still photograph of the experiment
and a print of the smear camera film are shown in Figure 8. The
photograph is taken through a slit alligned along the core axis as
shown. The image, a series of white dots, is smeared along the film
by a rotating mirror producing the parallel white lines shown at the
left of the smear camera record. As the wave in the core passed each
stripe, the stripe moved and the line representing it on the smear
camera record bent. The bends in the lines of the record determine
the arrival of the wave. Between the stripes visible nearest the
explosive, the average wave velocity is 7.66 km/sec. After the second
stripe, which is 24 mm from the loaded end, the wave velocity has an
average value of 5.55 km/sec. Both this value and the value of 5.23
km/sec from the underwater shot are equal within experimental error to
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the more accurate laboratory value of sound velocity of c - 5.59 km/sec.
For computations of axial stress at distances of more than 24 mm from
the 50 gm charge, we can use sound velocity, c, instead of high
amplitude wave velocity, U, in the greywacke.
Okx-: = eC , C4-
The approximation that U ac is also good for the shale. It was used
for the concrete even though probably not nearly true since no high
amplitude wave velocities were measured on the concrete.
Velocities are sometimes read directly from smear or drum
camera records, as they were from all in this thesis, by reading
angles directly from film with a Vanguard machine. As noted on
Figure 8, velocity, v, of a movement recorded by a smear camera can be
expressed as v - k tan a when a is the angle between a line formed on
the film by a stationary object and the line formed by the moving object
with velocity v. k is a constant determined by the image to object
ratio and writing speed on the film. Then,
0%- k S ec a
__A_ k secz~
% tan a (cot a - t an a) A 6.
for small errors, A & , in reading a. Since
da4~ -sec%;a-csc a
percentage error has a minimum at a - h5 degrees. We see that
velocity can be measured most accurately when writing speed is
adjusted to produce a 45 degree angle of the trace of the moving
object. The angle, a, can be read to a fourth of a degree on a sharp
line. The wave velocity of 5.55 km/sec read from Figure 8 at
a - 66.7 degrees has a possible error from this source of t .065 km/sec.
The average velocity of displacement of the end, 52 m/sec at a
1.25 degrees, has an estimated error of 1 10.5 m/sec.
We see from Figure 8 that the bends defining the line labeled
"wave arrival" do not sharply define the line. The wave arrival
line of Figure 8 is probably only located within a degree giving an
error in wave velocity of t .26 km/sec. Using a drum camera on
greywacke and calcareous shale to attain a slower writing speed with
the same experimental arrangement as that of Figure 8, we compressed
the time scale and made the lines on the film bend much more sharply
so that the line of wave arrival could be better located. We
unfortunately also moved the wave arrival line to a greater angle, a,
increasing percentage error in velocity for a given error in angle, a,
by about a factor of seven. Since the reading of the angle was
probably only improved by a factor of four, we lost accuracy.
A more accurate way to determine the high amplitude wave
velocity would be by using pin switches which close when the wave
hits. Time intervals between their closing can be read quite
accurately electronically. If we use a series of cores of different
lengths with pin switches on their axes, we can avoid one other
approximation made in these photographic experiments. That is, we
have assumed that the velocity with which a noticeable disturbance
propagates along the surface of a core is the wave velocity on the
axis. This assumption could be wrong if the wave front is curved and
is changing its curvature with time. We know this change does occur
but think that it does not happen fast enough to make our
assumption badly wrong.
4z
2.6 Axial stress calculations.
Use of the relationship, Oe = c--r , together with the
experimental values of and c from Table 1 and the values of v
listed in Table 2, leads to a determination of maximum axial
compressive stress in a high amplitude wave traveling along a
greywacke cylinder. This stress is plotted in Figure 9. The maximum
stress in the wave at 100 mm from the charge, which is the limit of
visible damage on the recovered specimen shown in Figure 6, is 7.5 kb.
This value is 6.7 times the static compressive strength. The result
indicates that the assumption usually made, that the maximum stress
propagating from the fractured zone near an explosive is uqual to the
static crushing strength, is unjustified.
2.7 Summary of experimental results.
A summary of all experimental data on rocks and concrete plus
computed axial stresses makes up Table 2 which follows Figure 9. The
indicated errors are only expected errors from the nature of the
experimental processes. Experiments were not repeated enough times to
compute standard deviations.
TABLE 2
Rock
Greywacke 55 t 1
100± 1
100± 1
100± 1
100± 1
100t 1
200± 1
200t 1
300± 1
300t 1
200+ 1
v
meters
sec
05 t 25
99 t 6
71 t 20
50 .5
37?
36 m .5
37 ± .5
vav
meters
sec
322 t 3
58 + 5
52 ± 11
58 t 5
58 t 5
45 ± 10
33 t .5
20?
25 ± .5
22 ± .5
a,= M
kb
30.6
7.5
5.4
3.8
2.8?
2.7
2.8
Camera
framing
framing
smear
Dynafax
Dynafax
drum
framing
framing
framing
framing
framing
U
Shot km
Medium Pellet # sec
sand
sand
air
sand
sand
air
sand
sand
sand
sand
water
rock
nylon
lucite
nylon
nylon
nylon
nylon
4436
4435
4502
4417
4417
4533
4378
4379
4369
4370
4463
5.5 t .26
5.24 ± .4
5.23 t .3
TABLE 2
TABLE 2 (Continued)
v Vv4zz U
L meters meters Shot km
Rock mm sec sec kb Camera Medium Pellet # sec
Limestone 50 t 1 150 t 5 150 t 5 5.7 framing sand 4437
100 t 1 60 t 6 60 + .6 2.6 framing sand 4438
147 1 29 3 29 t 3 1.3 Dynafax sand nylon 4415
200 ± 1 framing water 4464 3.24 ± .1
shale 100 ± 1 134 ± 10 110 ± 6 12.2 framing sand 4439
134 ± 1 35 t 4 Dynafax sand nylon 4416
100 ± 1 drum air 4532 6.10 + .4
concrete 7 160 + 1 framing air 4539
concrete 10 160 ± 1 11 + 2 1.1? framing air 4542
TABLE 2 (Continued)
SUMMARY OF RESULTS
The symbols used at the heads of columns are L for sample length, v for initial velocity, vav for
spall velocity, cr.,- for axial stress, and U for wave propagation velocity.
DETONATION PRESSURE
200 kb
LIMIT OF DAMAGE
BY COMPRESSIVE
.r. a 6.7 or
STRENGTH
WAVE
aSTATIC
CRUSHING
= 1.12 kb
0 50 100 ISO 200 250 300
DISTANCE ALONG ROCK CYLINDER - mm
FIG. 9
IN GREYWACKE
35 r
30p
25
N
b 20
c>
10F
/
AXIAL STRESS
46
CHAPTER III
INTERPRETATION
3.1 Stress distributions.
One question arising in interpretation of these cylinder
experiments is on the distribution cver a cylinder cross-section of the
stress and particle velocity in the pulse produced by the transient
normal stress acting on its loaded end. Davies (1956) made an
experimental check of this question by placing a row of small balls
across the lapped top surface of a 2J" diameter steel bar. Photographs
of the trajectories of the balls showed that stress and particle
displacement in a pulse initiated by a .22 lead bullet became uniform
over a cross-section when the pulse had traveled a distance equal to
four or five times the diameter of the cylinder. In our Figure 3, the
rock moves up in a fairly undeformed manner. Particle velocity and
displacement are at least nearly uniform over a cross section and stress
is uniform enough not to produce shear fracture of the rock for
distances from the explosive greater than 100 mm. Figure 4 shows the
quite non-uniform particle velocity produced by the pulse in a 50 mm
specimen topped with a 5 mm rock pellet. The center of the rock is
moving axially at about twice the velocity of the outside. Figure 10
shows a comparison between axial particle velocities on the cylindrical
surface read from smear camera shot 4502 (Figure 8) and particle
velocities on the axes of cores of different lengths. We see that the
axial component of surface velocity does approach that at the center at
about 100 mm from the charge. The two velocities are equal within
experimental error at 100 mm. As axial stress becomes uniform over a
cross-section, radial stress goes to zero. Radial or wall velocity, such
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VELOCITIES
ON CYLINDRICAL SURFACE 00
ON AXIS X X
X
I I I I I I A~ I I it
3 4 5 6 7 8 9 10
I I I I I
15 20 25 30
DISTANCE FROM EXPLOSIVE (Cm)
F1G. 10
PARTICLE VELOCITY AT SURFACE AND CENTER
250 -
200 -
150 - x
U 100
win 90
a: 80
m
C- 70
$ 60
w50
40
S30
-j
20
--
10 I I I I I I I I I I I
48
as that plotted in Figure 2, also goes to zero. Wall velocity
averages 90 m/sec at 50 mm from the 50 gram charge,. 8 m/sec at
100 mm, and zero at 200 mm.
Theoretical treatments of the elastic problem of pulse pro-
pagation in a cylindrical bar include the classic by Davies (1948) and
a recent one by Curtis (1959). Curtis gets a solution to the exact
problem, when the end loading is specified by mixed boundary
conditions, as a set of integrals. These integrals cannot be
evaluated by simple means but saddle point integration leads to
asymptotic solutions good at large distances from the loaded end.
Davies showed how axial stress is greater at the center of a bar than
at the surface for a harmonic loading. The solution could be, but
has not been, applied to a pulse by Fourier analysis. Certain
predictions on propagation of a sharp fronted wave along a cylinder
were made in Davies's work. Stress and particle velocity will not be
constant over a cross section. Radial stress and strain will not
be zero. The pulse will be distorted by dispersion, it will develop a
non-zero rise time and be followed by a coda of high frequency
oscillations. We have made no attempt to work out the exact stress
distribution behind the waves in these rock experiments. We would need
a value of Poisson's ratio and knowledge of the shape of the whole
pulse to get an approximate answer. We have neither, the second would
be hard to get. The effort does not seem worthwhile since the elastic
theory probably does not apply in the region of most interest, that is,
where the rock is being fractured by the passing compressive wave.
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An early idea in these experiments was to measure an
elastic precursor wave and thus get a dynamic crushing strength
analogous to the dynamic yield point for metals discussed by
G. I. Taylor (1948) and measured by Whiffin (1948) and Minshall
(1955). In metals, a maximum value for stress difference is assumed.
Above this value, plastic flow occurs. The same assumption should be
true for brittle materials except that fracture should replace plastic
flow.
It was suggested that a pellet of material with a lower
acoustical impedance would be thrown from a rock end by a pre-
cursor wave and that separation of the pellet from the rock could be
measured more accurately than the free surface velocity. Nylon pellets
were chosen and an expression for the dynamic crushing strength in
terms of nylon and rock impedances and the velocity of separation was
worked out by the author. The nylon pellets stayed on the rocks for
about ten microseconds instead of the four predicted by the theory
and then left the rocks at the maximum rock velocity. Figure 11 shows
the phenomenon. The flaw in our reasoning had been in assuming
a sharp fronted Incident wave. Davies (198) showed that astep wave
will develop a non-zero rise time as it propagates along a cylinder.
A pellet with any impedance will move off at the maximum free surface
velocity if hit by a wave with a rise time long compared to twice the
time required for the wave to traverse the pellet. Just how long the
rise time must be depends on the shape of the rising part of the wave.
If the rise is linear, any rise time equal to or greater than twice
the transit time of the pellet by the wave will throw the pellet off
at the maximum rock velocity. The finite thickness of the pellet tends
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to slow it down slightly since it will result in the trapping of an
average particle velocity slightly less than the maximum rock velocity.
The pellets were light enough not to strongly affect the
displacement of the rocks. The pellets were useful since they gave
initial velocity of the cores quite well as in Figure 11. They also
showed that the incident wave at 200 and 300 mm from the explosive
must have a rise time of about four to six microseconds. Since frames
of our camera records are over eight microseconds apart, we would not
expect to notice such a rise time in the displacement records. For
cores less than or equal to 100 mm in length, the pellets could not be
used for measuring initial velocity because the wave amplitude was high
enough to break them up. Velocity of the rotating pieces could not be
accurately measured.
3.2 Damage by compressive waves.
When we compare "static strength" with "dynamic strength", we
are implying that stress distributions are similar. In the ideal
static compressive test, axial stress is uniform and is the only non-zero
stress. It thus equals the stress difference which must be supported by
material strength. In a one-dimensional elastic wave in a cylinder, when
axial stress is C~z = (zp + A) ' then radial stress is aR = A
where and A are Lame constants. If 0-ag = o everywhere
as in an ideal static compressive test, -zz =E 6 where E is
Young's modulus. E = 3 + 242 + A . The equalityI- k + -
applies only when A - 0. We see that a relief of radial stress would
be expected to lessen axial stress. A uniform axial stress requires a
uniform radial stress which must be zero since at the free cylindrical
surface of the cylinder radial stress must be zero. This zero radial
stress propagates into the center of the cylinder as a tension wave
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relieving the radial stress set up by a plane wave. If the
compressive wave is long compared to the cylinder radius, radial stress
can be regarded as approximately instantly relieved so that the
stress distribution for the high amplitude part of the wave will be
that of the ideal static test which is the limit of long wave length
loading. For sharp fronted pulses, the effects of lateral inertia
of the cylinder produce the complicated wave phenomena treated by
Davies and Curtis. The stress distribution is the nearest to the
static case near the surface of the cylinder where the elief of radial
stress is first attained. This is why we compare axial stress
which does damage to the surface of the rock core with axial stress
produced in an unconfined static test before failure occurs. It seems
to be the best approximation available.
On the axis of a cylinder being shot, the rarefaction wave
carrying the radial stress relief arrives late so that, for a sharp
fronted wave with high amplitude at the front, the axial stress is
supported by radial stress acting like a confining pressure. In
Table 9-6 of Birch (1942) we see that, for some rock materials
compressed under a rising confining pressure, axial stress which does
not cause fracture rises very rapidly. There is therefore a tendency
for a one dimensional wave with its associated confining radial stress
not to fracture a rock even at very high amplitudes. A quartz single
crystal with constraining pressure of 19,500 kg/cm2 supported a
static axial stress of 138,000 kg/cm2 along its c axis according to
Birch. The greywacke rock of these experiments supported an axial
stress of over 30 kb (30,600 kg/cm2 ) at its center. If we set X
the constraining radial stress was about 10 kb at the wave front.
We do not know what the axial stress was by the time the radial
stress was relieved.
All of the above work was done assuming that elastic theory
applies. We know that it does not apply very near the charge and
probably not in the fracture zone in general. Finite amplitude
effects would make some difference. The tension or rarefaction
waves propagating from the cylindrical surface of the cylinder
catch up with a high amplitude compressive wave and tend to bend the
wave front by retarding it near the free surface. They thus develop
tension forces perpendicular to the axis of the cylinder similar to
the tension forces perpendicular to a radius developed by a
spherical wave. On the conical surfaces of recovered specimens, the
small fractures were approximately parallel to the cylinder axis.
This feature leads us to believe that the fractures were formed by
tension forces perpendicular to the axes of the cylinders. As a
compressive wave propagates on up a cylinder, it attenuates.
The rarefactions from the cylindrical free surface also attenuate so
that the compressive wave gradually acquires a plane front. The stress
distribution is changed and fracturing by tensile stresses is
gradually confined nearer the free surface leaving a conical fracture
surface as observed. A quantitative theoretical development of the
changing stress distribution just qualitatively described has so
far been impossible. The elastic pulse propagation problem is
complicated, finite amplitude effects make it much worse. For
instance, Fourier analysis can not be used since superposition does
not hold.
3.3 Comparison with spherical waves.
Spherical waves are more interesting for practical
applications than either plane waves or waves in cylinders. It is
well known that a compressive spherical wave displaces concentric
spherical shells radially and thus develops tensile stresses per-
pendicular to a radius. These "hoop stresses" largely control the
extent of fracture near an underground explosion since rock is so
weak in tension. Since a wave in a cylinder does not have the same
stress distribution, damage cannot be expected to match.
3.4 Effects of porosity on fracture.
We expect porosity to have a large effect on a rock's ability
to sustain high amplitude waves. A compressive wave moving through
a porous rock will build up complicated interactions at-the myriad free
surfaces of the rock-pore interfaces. Tension forces from the
geometry of the wave or the large rarefaction waves from exterior
surfaces still have a strong influence on fracturing, but fracturing
is much more likely to occur in their absence in a porous medium.
The samples of three porous media used in our experiments were all
completely fractured, probably by compressive waves. The observations
are just what would be expected if the rock had been fractured by
the compressive wave before it could be spalled by the reflected
tensile wave from the free end. No spalled pieces were found. None
of the changes of free surface velocity produced by spalling of a
material with an observable tensile strength were observed. When one
sample of the porous limestone was shot with a nylon pellet, the pellet
never left the rock.
Since no damaged cores were recovered for any medium but
the greywacke, we cannot make a direct comparison of dynamic and
static strength for the porous media. We can only say that the
dynamic strengths of these media are less than twice their static
strengths measured on unconfined specimens. The ratio of dynamic
to static strength for greywacke was 6.7.
3.5 Attenuation.
Porosity affects attenuation of a high amplitude wave in two
ways. Its presence leads to the production of more fractures and
fractured new surface may be an important energy absorber as shown
in the introduction to this thesis. Even after a wave has developed
a non-zero rise time and attenuated below the level which would
fracture a non..porous rock, it will still fracture a porous rock so
that high attenuation should continue to lower wave amplitudes in
porous rocks.
Porosity also allows a greater compression of a substance
by a high amplitude wave. Courant and Friedrichs (1948) prove on
page 142 that the increase of entropy across a shock front is of the
third order in the difference of specific volumes across the front.
While the high amplitude wave initiated by an explosion is still a
shock wave, it will heat a porous medium much more than the same
substance in non-porous form. Al'tshuler et al (1958 b) use this
effect to get shock compressibilities of iron at two different
temperatures, the shock in the porous medium providing its own
heating.
Differences in wave attenuation by fracturing and heating
of the medium caused by differences in porosity probably account for
the fact noted in Chapter II that peak axial stress is less in
the porous limestone tested than in the greywacke at twice the
distance from the explosive. The apparently large effect of porosity
in attenuation should be checked by testing samples in which
variation of parameters other than degree of porosity is kept at a
minimum. That is, samples of identical size and composition but
different porosity should be tested. Such samples were not available
at the time the experiments of this thesis were done.
3.6 Effects of fracture on elastic and hydrodynamic theory.
A compressive wave which fractures rock as it propagates
will not be an elastic wave. The elastic parameters will depend on the
extent of fracture. For instance, compressibility should show a
sudden increase as fracture occurs and pore space can be occupied.
Wave velocity should be lower than elastic wave velocity. As the pore
fluid becomes sufficiently compressed, compressibility should decrease
continually as wave amplitude increases. This change will produce a
shock wave which travels at a velocity depending on its amplitude.
Just such variations in velocity were observed on the Rainier
underground nuclear blast by Porzel (1959). The velocity of the
measured wave front resulting from the blast was considerably above
elastic wave velocitynear the device, gradually dropped under elastic
wave velocity as the wave attenuated, and equalled elastic wave
velocity outside the 130 foot radius to which the rock was fractured.
During the time when the main fracturing wave was traveling below
elastic wave velocity, it had to have an elastic precursor. The
instruments in this region could not measure the elastic arrival.
Outside the fracturing zone, different instruments could and did
measure the arrival of the wave after the whole wave was elastic.
Hydrodynamic theory should provide a better approximation
to a compressive wave in the fracture zone surrounding a charge.
As fracture occurs, a rock loses its ability to sustain stress
differences so that the most important assumption of hydrodynamic
theory is fulfilled. The stress tensor becomes spherical so
that elastic properties can be described by a hydrostatic equation of
state. The validity of second assumption on the attainment of
thermodynamic equilibrium is not so clear-cut. The time of completion
of fracturing depends on wave amplitude, shape, and geometry, and on
composition, porosity, and pore fluid of the medium. If fracture is
the result of hoop stresses in a spherical wave, for instance, it
may occur far behind the wave front since hoop stresses attain their
maxima slowly with displacement. We must remember that the equilibrium
assumption was necessary so that the measured state behind the shock
front is one of equilibrium. The 10~7 seconds time to attain
equilibrium was necessary for experiments involving shock traverses
of a few millimeters. When we think of shock runs of tens of feet
as in the Rainier experiment, the time requirement is correspondingly
relaxed to the order of time the wave takes to move that distance,
about 10-3 seconds. The correct mathematical treatment of a wave
fracturing a rock would probably be some modification of the treatment
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of detonation zones of finite width given by Courant and Friedrichs
(1948) on page 231. A detonation wave in an explosive is regarded
as a combustion process initiated by a shock. Our fracturing wave
is analogously a fracturing process initiated by a shock of finite
amplitude wave. The combudion is exothermic while the fracturing is
endothermic. This suggestion for the mathematical treatment of a
fracturing wave is only to point the way. It is a lead not yet followed.
3.7 Equations of state.
dhen hydrodynamic theory is used in treating large amplitude
waves in rocks, an equation of state relating some of the flow
variable, for instance pressure and density, is needed in computations
such as those made by Treitel (1958). Treitel used the Birch
theoretical equation of state in the form
P represents pressure, K is bulk modulus, E2 is density, and ( ),
indicates the original value of a parameter. The equation is not
supposed to include any phase changes. In Figure 12, it is compared
with the experimental equation of state for dunite published by
Hughes and McQueen (1958) after Treitel's work. ko is taken as
16 x 1011 dynes/cm2 to match that of the dunite. The choice of ko
gives the curves the same initial slope. The gabbros used by Hughes
and McQueen are not included since they did undergo phase changes.
We can see that the Birch equation does not compare well with the
experimental data.
HUGHES AND McQUEEN'S
MEASUREMENTS ON
DUNITE ooo
BIRCH EQUATION
(k = 1.6 megabars)
e
0
0e
0
1.0.70 .80 .90
eo/e
FIG. 12
COMPARISON OF BIRCH'S
EQUATIONS OF STATE
r
800
700
600
500
400
300
200
100
.50 .60
AND
EXPERIMENTAL
60
Our experiments were not useful in determination of
equation of state even though the same quantities, pressure and
velocity, were measured as in the experiments by Hughes and McQueen.
The maximum pressure we measured was only 30 kb and the precision of
determination of wave velocity was not good enough.
3.8 Spalling
When a compressive wave strikes a free surface, it is
reflected as a tensile wave. Simple elastic theory of fractures
formed by these tensile waves assumes that a spall is formed instantly
when the tensile stress exceeds a critical fracture stress of the
medium. Velocity of the free surface gives a continuous record of
twice the particle velocity of the incident wave until a wave from
the stress release at the spall reaches the surface. Using crpC4r ,
the difference between the highest and lowest velocities of the free
surface times c gives the critical fracture stress of the
medium. After a few minor oscillations, the spall will move with a
steady velocity equal to the average particle velocity of the
trapped portion of the wave. The displacement vs time curves of the
non-porous rocks shot correspond roughly to the curves expected from
this spalling theory. As seen in Figures 2 and 11, the velocities of
the free ends of rock cores start with their highest values,
gradually decrease for a time, and then take a constant value between
the highest and lowest observed.
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If we find critical fracture stresses for the shots for
which the above behavior was noted, we find that these strengths vary
with the length of greywacke sample as follows: at 100 mm, 4.4 kb,
at 200 mm, 2.9 kb, and at 300 mm, 2.7 and 2.8 kb on the two available
shots. Tensile strength of this rock evidently depends on wave
shape and amplitude, both of which change with length of the core. The
one value of critical fracture stress for the shale is 2.2 kb at 100 mm.
Static tensile strength was not measured but is probably less than
.04 kb for shale and greywacke from comparison with other rocks which
usually have compressive strengths more than thirty times their
tensile strengths.
The displacement curves from our experiments on rock cores
do not exactly conform with the simple theory. The time before the
establishment of the constant spall velocity is much too long,
averaging sixty microseconds after first motion of the free surface.
By the theory outlined above, this would mean that a wave would take
thirty microseconds to reach the spall fracture. Yet the spall
fracture is located only about a centimeter f'rom the free surface,
two microseconds travel time from the surface. This means that the
fractures must have started to form at a much lower tensile stress
than the several kilobars postulated above. The only present
explanation of the oscillations seen in the displacement curves is
that the spall fractures took on the order of fifty microseconds to form
completely so that they would no longer pass a tension wave. If this
is the correct explanation, then the rocks really did support for a
time the tensions computed above. These tensions of kilobars would
not, however, be tensile strengths, reflection of lower amplitude
waves would still fracture the rock.
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Work on crack propagation in brittle media has been done
mostly with transparent media so that the cracks can be seen as they
propagate. Pugh et al (1952) and Schardin (1959) note values for crack
propagation velocity in glass of 1.5 to 2 km/sec. Schardin also writes
that crack velocity is independent of the applied stress level. A
low enough crack velocity in rock, independent of applied stress level,
could account for the oscillations of our displacement vs time curves.
However, the velocity would have to be only about a third of a
kilometer per second and a spall would have to start from a single small
crack instead of many small fractures as usually thought.
Despite the unsatisfactory state of the details of spalling
theory, the simple theory can explain some features of our experiments.
For instance, should be use the high initial velocities from our
displacement curves or the steady velocities of the later parts which
are easier to measure?
The initial velocity of free surface motion depends only
on the incident wave and the density of the medium. Average velocity
of a first spall ("final top velocity""in Figure 2) also depends on
the thickness of the first spall. Momentum of the spall becomes
average momentum of the portion of a wave trapped therein. By
ordinary elastic theory of spalling, the thicker the first spall, the
lower its velocity should be. Effect of delay in spalling of the
rock makes another variation in average spall velocity., If for a given
spall thickness, a crack takes longer than usual to form, more of the
high amplitude part of the wave will leak out of the spall and the
spall velocity will be lower than usual. The general dependence of
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velocity of a first spall on its thickness together with a slight
variation which may be due to cracking delay may be seen in Table
1 and 2 of Hino's (1956 b) paper. He lists six spall thicknesses and
velocities for granite: 45 mm and 16.6 m/sec, 63 mm and 11.3 m/sec, 78 mm
and 10.6 m/sec, 79 mm and 10.2 m/sec, 80 mm and 11.1 m/sec, and 82 mm
and 9.8 m/sec. He also lists two for marble: 13 mm and 11.2 m/sec and
80 mm and 9.02 m/sec.
The variation of spall velocity is the reason we chose to use
initial top velocity for stress comptuations even though this initial
velocity is hard to measure and probably not accurate to better than
6 % in my measurements with no pellets. The accuracy using the pellets
depends on the correspondence of the pellet velocities with the
maximum rock velocities. In the two shots with both easily read
initial velocity and nylon pellets (4370 and 4379) the constant pellet
velocity equaled the initial velocity, for example, see Figure 11.
Pellet velocity was used as an accurate measure of initial velocity,
therefore, in two other shots (4369 and 4378). Notice that, in shots
4369 and 4370 of Table 2, initial velocities are 36 and 37 m/sec
while the constant velocities are 25 and 21 M/sec. Initial velocities,
read as constant velocities of the pellets, agree much better than
spall velocities on our only pair of duplicate shots.
3.9 Spall pattern on recovered specimen.
When we described the recovered specimen in Chapter II, we
noted its odd spall pattern. The physical situation in spalling is
complicated. Effects of curvature of wave front, delay time in
fracture formation, inhomogeneity of material, and dependence of wave
shape on time may all be important in spall formation. A simple
explanation of the odd spall pattern may be given. Figure 13 shows
elastic reflection of a wave with a non-zero rise time to maximum
stress. After the first spall, Figure 13 d, momentum of the portions
of incident and reflected waves to the right of the spall surface are
trapped in the spall. The portion of wave up to its maximum is not
trapped and its interference with the tail of the incident wave now
reflecting from the spalled surface produces a spike of net tension
which moves back into the rock, Figure 13 e. This produces tensile
stress continuously above the fracture stress until the spike is
attenuated. Such a reflection would produce the pattern observed. A
sharp fronted elastic wave moving along a cylinder develops a
non-zero rise time as shown by Davies (1948). An explosively generated
spherical wave in rock also has been observed to develop such a
gradual rise by Duvall and Atchison (1957) and by observers of under-
ground nuclear blasts, Perret and Preston (1957). Therefore, either
the geometry of our experiments or the material used could cause a
wave to develop a non-zero rise time as postulated above.
A delay in formation of the spall fracture would permit
part of the high amplitude tension wave to pass through and would
give a similar effect. If this were the mechanism, one would expect
a series of such odd spalls ~LiQE #Z' instead of only one
set as observed in Figure 6.
3.10 Acceleration of cores.
The steady velocities called spall velocities in the previous
sections do not stay steady. We have already shown that a longer
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picture sequence of the motion of these rocks shows that the motion
is accelerated. In Figure 5, we see that the acceleration is apparently
in jerks with constant velocity portions of the curve lasting for a
few hundred microseconds each. One mechanism which would produce this
type of acceleration can be described. The first passage of a
compressive wave and its reflection as a tensile wave fractures the rock
into a train of fragments. The detonation gases, still at high
pressure, accelerate the bottom pieces. This acceleration is passed
on to the top by a series of collisions giving the top a new constant
velocity and again separating the rock fragments. The process is
repeated as often as needed.
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CHAPTER IV
CONCLUSIONS, APPLICATIONS, AND FUTURE WORK
4.1 Conclusions.
In experiments with explosively loaded rock cylinders, we
have determined the levels of axial stress at various distances
from the loaded ends. We were able to find the stress level needed to
produce visible damage to one rock, a non-porous greywacke. This
stress level was 6.7 times the static compressive strength of the rock.
The exact leves of axial stress needed to fracture the porous media
tested were not determined but were less than twice their static
strengths. Different wave geometries would, presumably, lead to
different stress distributions so that, for instance, the same
increases in dynamic over static strength would not be expected for
spherical waves.
One mechanism producing attenuation of finite amplitude
waves in rocks is irreversible heating in a shock front. The
attenuation thus produced can be calculated if hydrodynamic theory
applies and the Hugoniot functions of the rocks are known. Calculations
performed by the author on Grimshaw's (1958) data make the
absorption of energy by new surface area seem like another important
attenuation mechanism. It was also shown that an average particle
size of one micron in the crushed rock would account for all of the
forty percent of the energy not going into heat or seismic waves in
the Rainier underground nuclear shot. Surface energy and the
dissociation of pore water are both likely energy absorbers for under-
ground nuclear shots. We saw that porosity leads to an increase in both
68
heating and fracturing with a resulting increase in attenuation of
waves in porous cylinders. The wave amplitude in the porous lime-
stone was less at each of the three places measured than at twice the
distance from the explosive in the non-porous greywacke. Porosity
was probably the most important factor in the difference but
composition, compressive strength, and other features of the rocks
could also be important. Unfortunately, porosity was never isolated
as an experimental parameter in our experiments.
Elastic theory is not expected to hold in the fracturing
zone near a charge. We observed a high amplitude wave velocity of
about half the elastic wave velocity in the porous limestone. Wave
velocity would be expected to depend on wave amplitude when fracturing
is occuring. Hydrodynamic theory should provide a better approximation
in a fracture region since fracture is the process by which a
brittle solid yields to stress differences so that the stress tensor
may become spherical. The most important requirement of the theory is
thus satisfied. Some modification of the hydrodynamic theory is
probably necessary to describe the non-isentropic flow as fracture
occurs behind the wave front. We suggest that some adaptation of the
mathematics of detonation waves with finite thickness might be needed.
Conventional theory of spalling indicates that the greywache
rock used in our experiments supported a tensile stress of about a
hundred times its probable static tensile strength before a spall
fracture was completed. From the experimental data, we infer that the
time required to complete a spall fracture has to be about fifty
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microseconds after the first application of tension. This time
would require initiation of the fracture at only one point and a
very low crack velocity of about a third of a kilometer per second.
Both requirements seem unlikely. A more accurate measurement of the
displacement of the rock end by repeating the experiments using the
smear camera for observation would help in the interpretation of the
spalling phenomena. The maximum and minimum particle velocities that
we had to use were each usually based on only two points of framing
camera data. The exceptions were the maximum velocities obtained from
pellets thrown off the rocks.
We have shown how the close spaced spalling fractures near
the free end of the recovered rock specimen could be caused by a
non-zero rise time of the incident wave. Such a non-zero rise time is
expected as a result of the dispersion of a wave travling along a
cylinder.
4.2 Applications.
The large decrease of velocity while the rock is being
displaced by a small amount convinces us that the rocks have
supported tensile stresses far above their tensile strengths. This
same type of velocity change may occur in other substances. If it
does, the practice of reading only two points on a displacement
curve (wave arrival with almost zero displacement and a point a few
millimeters distant from the free surface) in experiments intended to
measure a free surface velocity can lead to a velocity lower than the
real maximum value. Alttshuler et al (1958 b) consider this point and
come to the conclusion that for most materials very thin spalls can
be generated which will move off with a velocity verynear the maximum
free surface velocity. From our experiments, we see that thickness
of a spall is not a good test of whether the spall moves with a
velocityrear the maximum free surface velocity. In Figure 11, spall
velocity is only 57 % of maximum free surface velocity as measured by
the pellet motion. Yet, the spall was thin enough on a duplicate shot
that free surface velocity should have decayed for only about four
microseconds. This short decay would have given a spall velocity very
near maximum free surface velocity. Our conclusion is that, when
trying to measure free surface velocity to get particle velocity, the
displacement vs time should be measured at at least three points to make
sure velocity is constant over the range of measurement.
The most important applications of this work, as of all work
on high amplitude waves in rocks, make use of the results on
attenuation. In blasting for construction or mining and in seismic
shooting we want to get the most possible energy into the elastic zone.
In blasting, the principal useful breakage is by reflection of waves
from free surfaces and from interactions of these reflected waves.
The crushed zone near the explosive probably produces almost all of
the unwanted and dangerous very fine particles. In seismic work, the
elastic energy produces the reflected and refracted waves which are
used to map sub-surface geology. The large effects of porosity in
attenuating high amplitude waves as noted in our work make blasting of
some porous, dry dormations notoriously difficult. Filling the pores
with water would obviously lessen the compression and crushing of a
porous rock and thus lessen attenuation of waves in it. This is why
seismic crews locate their shots below the water table whenever
possible. In both blasting and seismic work, some sort of water
injection into a shot hole might result in more energy being
delivered to the useful elastic region in porous media. It
evidently does reduce the troublesome fine particles in blasting as
noted by Grimshaw (1958).
A topic of great current interest is the detection of under-
ground nuclear tests. The data now being considered are based on
shots which were detonated in a water-saturated volcanic tuff. It
seems that a shot in a dry porous medium such as dry sand would be
considerably harder to detect than past shots. On the other hand,
shots in a non-porous rock should be much easier to detect. We would
expect a water filled porous medium to be intermediate in its
attenuation of high amplitude waves between a dry porous medium and a
non-porous one. The optimum degree of porosity for highest attenuation
of high amplitude waves is not known.
4.3 Future work.
A continuation of the type of work reported here should be
reasonably easy and rewarding. An efficient experimental arrangement
would be similar to that illustrated in Figure 1. The camera used should
be a smear camera photographing a small portion of the top of the core.
The slit should be alligned along the core axis. Magnification
(image/object ratio) should be about two to one so that small dis-
placements can be accurately measured. At the same time that particle
velocities are being thus measured for a series of core lengths, pin
switches located on each end of each core would give more accurate
measurements of wave velocity than those we obtained. Some sort of
arrangement to catch the core pieces without extra damage should be used.
Cores of uniform diameter and composition but varying
porosity should be tested. The effects of water saturation of the
porous media should be tested. A series of small steel balls arranged
across the tops of a few cores shot in front of a framing camera
should give some additional information on the stress distribution
in the waves.
Much work needs to be done on fracturing as an attenuation
mechanism. Blasting of rock samples with measurement of the
resulting surface area has never been done to our knowledge. In
addition, the value for surface energy of 1,000 ergs/cm2 used in our
calculations could be wrong by a factor of two. It should be
improved. Surface energy is usually regarded as a constant times the
surface area of a substance. When average particle size approaches
the diameter of a molecule of the solid being considered, surface
tension and surface energy become vague concepts. Obliteration of the
X-ray diffraction peaks of a quartz crystal by shock loading indicates
that particle size may sometimes be 10 to 100A, small enough to require
consideration of this point. Surface eneryy absorbed in fracturing of
a rock is proportional to the reciprocal of particle size so long as
it is proportional to surface area.
Experiments on the applicability of hydrodynamic theory are
needed. These would presumably be comparisons between hydrostatic
and shock wave compression data. Such comparisons so far made for
metal seem to show that hydrodynamic theory applies to aluminum down
to pressures of forty kilobars. No such comparisons have been made
for rocks. Theoretical work on hydrodynamic theory should try to make
--I
modifications allowing consideration of non-isentropic flow behind
a wave front. It might be correlated with experimental work on the
delay in fracturing behind a wave.
For work when hydrodynamic theory does apply, we need
equations of state of rock. Only one publication exists in this
field, that of Hughes and McQueen (1958). Explosive loading methods
can produce pressures higher than those at the center of the earth.
This fact should be enough to interest geophysicists in the problems
involved in using these pressures on rocks.
U -
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